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Cell death: Fatal induction in plants
Rob Martienssen
The recent molecular characterization of three plant
genes in which mutations cause phenotypes that mimic
disease responses has provided interesting new
insights into cell death in plants, but many questions
remain about the nature and physiological importance
of the process. 
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Cell death occurs in a variety of contexts during plant
development, as it does in animals. Unlike animal cells,
however, plant cells are cemented in place by their cell
walls, and there are no circulating scavenger cells to
dispose of any cellular corpses that might remain behind.
Tracheary elements of the plant vascular system, for
example, are derived by longitudinal divisions from pro-
cambium stem cells, but when they eventually differenti-
ate they lose their cellular contents, as well as their end
walls, forming the familiar strengthened xylem channels
that carry water and various solutes from the roots to the
plant body. These corpses are a permanent legacy of pro-
grammed cell death, and a tightly regulated mechanism
must exist to prevent the untoward spread of lethal com-
ponents from those cells destined to die to their otherwise
healthy neighbours. This tightly regulated mechanism
seems to have allowed plants to make use of cell death in
response to pathogen invasion [1].
The lack of circulating scavenger cells in plants means
that most plant cells must be capable of recognizing
pathogens and responding to them, rather than relying on
antigen presentation and recognition by a cellular police
force in the circulatory system, as many animal cells do.
When fungal, bacterial or viral agents interact with the
plant cell recognition machinery, in resistant plants they
elicit host defense responses that include rapid cell
suicide at the site of infection. It has often been assumed
that this ‘hypersensitive response’ actually inhibits infec-
tion, and most researchers agree that cell death has at least
an indirect role in preventing pathogen ingress, allowing
time for neighbouring cells to mount an effective response
involving the production of toxins and degradative
enzymes to kill the invading microbe [2].
Remarkably, the primitive cellular system for pathogen
recognition and cellular immunity used in plants is par-
tially reiterated in animal cells. Thus, a number of the
cloned plant genes that regulate the recognition of and
response to pathogens turn out to encode proteins similar
to components of a pathway used in both embryonic
pattern formation and cellular immunity in Drosophila [3].
Despite this apparent conservation of the cellular immu-
nity response, however, molecules responsible for the exe-
cution of cell death in animals are conspicuous by their
absence in plants. For example, Ced9/Bcl2-like molecules
are conserved regulators of cell death in animals, but no
related protein has been found in plants, despite the
development of extensive libraries of sequences from
several plant genomes. Nonetheless, there is considerable
indirect evidence for a lethal cocktail of cysteine proteases
and nucleases that might mediate cell death in plants as
well as in animals [3,4].
Cell death mutants can be divided into distinct classes
according to which aspect of the process is affected: exe-
cution (the cell death machinery itself), signalling (the
pathway that regulates the cell death machinery) or prop-
agation (the process that limits the spread of cell death
from one cell to another). Execution mutants might not
be readily observed in plants, as development of the vas-
cular system, root cap and the megagametophyte all rely
on cell death and mutations affecting the death machin-
ery might result in embryonic lethality and sterility. In
contrast, signalling and propagation mutants should be
viable and relatively easy to recognize as their phenotypes
mimic pathogen responses, lateral organ abscission and
senescence [5]. 
In crop plants like maize and barley, mutants with pheno-
types that mimic disease responses — ‘lesion mimics’ —
have been known for many years and, recently, similar
mutants have been recovered in the model plant Arabidop-
sis. In the last few months, three ‘lesion mimic’ genes, from
barley, maize and Arabidopsis, have been molecularly
characterized by positional cloning and transposon tagging
[6–8]. The proteins these genes encode appear to be
involved in signalling or in limiting the spread of cell death,
rather than in execution. Nonetheless, features of the pro-
teins they encode lead to interesting predictions about the
mechanism of cell death in plants, and cast some light on
the role of cell death in pathogen resistance itself.
The first of these mutants, lsd1, was identified by a loss-
of-function mutation in Arabidopsis that confers a hair-
trigger disease response phenotype [6]. In lsd1 mutants,
lesions form on the leaf, and other aerial organs, that
appear to mimic the response to pathogen ingress. These
lesions can be initiated by a pathogen (Figure 1) or low
doses of a chemical signal such as salicylic acid, an impor-
tant natural regulator of disease resistance. They are also
environmentally regulated, forming only under high light
intensity. Lesion induction by these triggers leads to
enhanced production of superoxide [9], which acts as a
positive signal in mutant tissue to initiate cell death in
neighbouring cells. This results in runaway cell death that
eventually consumes the whole leaf, a response that has
been shown to depend on salicylic acid. Importantly, lsd1
plants are more resistant to a variety of fungal and bacter-
ial pathogens, even when grown under low light or before
lesions are detectable [6]. The non-specific resistance con-
ferred by an lsd1 mutation may not be a direct result of the
cell death response, but may instead be a consequence of
the dual function of this class of genes (see below).
The LSD1 gene was cloned by positional cloning and
found to encode a novel protein [6]. The protein sequence
revealed weak homology over a 30 amino acid region to a
rare class of zinc-finger-like sequences found in certain
animal proteins, and a short nuclear localization sequence.
This led to the speculation that the Lsd1 protein may be a
transcription factor, either a repressor of defense genes, or
perhaps an activator of their antagonists. The possibility
that Lsd1 is a metal-binding cytoplasmic or organellar
protein cannot at this stage be excluded, however, given
that the protein also exhibits weak homology to heme-
binding sites of photosynthetic bacterial cytochromes.
The second lesion-mimic gene to be cloned was Mlo from
barley [7]. Recessive mlo mutants show a broad spectrum
resistance to all tested isolates of the pathogenic powdery
mildew fungus. Necrotic lesions form spontaneously on
mlo plants in the absence of infection (Figure 2), resulting
in significant leaf tissue damage that has limited its value
as a resistance gene in many barley genetic backgrounds
(P. Schulze-Lefert, personal communication). Unlike the
lesions on lsd1 plants, mlo lesions form only on leaf tissue,
and are likely to be under developmental control (P.
Schulze-Lefert, personal communication). Severe lesions
initiate predominantly in adult plants during the switch
from vegetative to reproductive growth, though seedlings
are already fully resistant to pathogen infection.
Interestingly, lesions do not form at the site of pathogen
infection on mlo mutant plants. This suggests that cell
death is not an essential component of the elevated resis-
tance conferred by mlo mutations. However, second
second-site modifiers of the mlo resistance response — Ror1
and Ror2 — also affect lesion formation in the absence of
the pathogen [10], so although cell death is not required for
pathogen resistance the two reactions are controlled by the
same genes (Mlo, Ror1 and Ror2). A second-site modifier of
race-specific resistance to the same fungus interferes with
neither Mlo-controlled resistance nor spontaneous lesion
formation, but abolishes the cell death normally triggered
by race-specific recognition during the hypersensitive
response [10]. This suggests that there may be at least two
parallel pathways that can be used for disease resistance and
cell death control, one in which specific pathogen recogni-
tion leads directly to cell death, and a second pathway that
does not depend on specific recognition and results in
lesions only when induced by other factors such as develop-
mental timing and light [6,7].
The Mlo gene was cloned by a combination of saturation
marker generation, using ‘amplified fragment length poly-
morphism’ (AFLP), and fine recombinational mapping [7].
Despite significant technical challenges — the barley
genome is larger than the human genome — an AFLP
marker was identified within the Mlo gene from an initially
random set of AFLP polymerase chain reaction (PCR)
fragments. This remarkable effort was rewarded when the
gene was sequenced and found to encode a membrane
protein. Preliminary analysis revealed at least six, possibly
seven, membrane-spanning helices [7]. Although Mlo has
no primary sequence homology with proteins of known
function, its putative topology resembles that of a number
of other proteins, including G-protein coupled receptors.
DNA sequencing has revealed multiple Mlo homologs, and
Arabidopsis may have up to 50 closely related, but distinct,
Mlo-related genes.
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Figure 1
(a) Growth of the oomycete parasite
Peronospora parasitica in wild-type
Arabidopsis leaf mesophyll, observed by
differential interference contrast microscopy.
The elongating fungal hyphae are stained dark
blue. Note haustoria invading living mesophyll
cells, the regular spacing of cells, and the
ordered granular chloroplasts. (b) The same
P. parasitica isolate induces spreading cell
death in the isogenic Arabidopsis lsd1
mutant. In this image, fungal hyphae are barely
visible, stunted and not growing. Note the
clearing of granular material in the dying cells.
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It is tempting to draw a parallel between the Mlo family of
membrane proteins and the LRR-repeat kinases, which
mediate pathogen recognition and are responsible for the
hypersensitive response. Both protein families have numer-
ous members, and exhibit the diversity that presumably
allows recognition of multiple ligands. The parallel has, in
fact, recently received some support from the discovery of
an mlo homolog very closely linked to a gene encoding an
LRR protein on chromosome 4 (Elson Chen and the Cold
Spring Harbor Arabidopsis consortium; analysis by L.
Parnell and W. Richard McCombie); even if these are not
the same genes, the tight linkage may indicate a conserved
functional role.
We do not know the membrane location of any of these
putative receptors, but the endoplasmic reticulum and the
tonoplast (vacuolar) membrane must be considered, as
well as the plasma membrane, given that many signals
involved in pathogen recognition appear to act inside the
cell [2]. Another possibility is that Mlo, believed to be a
negative regulator of cell death, might be analagous to
Bcl2 proteins in mammalian cells, which are known to
interact with organellar membranes and with the nucleus
[11]. Genetically speaking, all three of the cloned lesion-
mimic genes are negative regulators of cell death, but only
the Mlo product has structural features resembling a mem-
brane protein [7]. 
Dual functions have been proposed for LSD1 and Mlo.
Both Mlo and Lsd1 inhibit the initiation of cell death;
Lsd1 additionally appears to be required to regulate the
spatial extent of cell death, and Mlo also represses the
activation of disease response genes [10]. It is thus possi-
ble that cell death in mlo mutants is an indirect effect of
misregulation of disease gene expression [7].
The third lesion-mimic gene to be cloned is lethal leaf spot
(lls1) of maize [8]. Loss-of-function lls1 mutants superfi-
cially resemble lsd1 mutants, in that their lesions are envi-
ronmentally triggered (Figure 3). Unlike lsd1 lesions,
however, lls1 lesions are triggered by wounding as well as
by light, and result in runaway cell death that kills not
only the leaf, but ultimately the plant itself. This pheno-
type can be suppressed by mutations that block chloro-
plast development. Of particular interest, lesions that form
in variegated plants — lls1; iojap double mutants — are
restricted to green tissue, and cannot spread into the white
sectors in which chloroplasts fail to develop (G.S. Johal,
personal communication). One explanation is that lesions
may depend on the generation of oxidative radicals that
are a by-product of photosynthesis [5,8]. Agents that
promote the production of these radicals, like the herbi-
cide paraquot, enhance the lesion-mimic phenotype in the
case of lls1, but not in the case of lsd1 [9], so some other
aspect of chloroplast development might be responsible
for the light-dependent lesion induction.
In the case of heterozygous lls1–/+ plants where the genetic
background includes highly active transposons, the single
wild-type Lls1 gene can be mutated, generating clonal
sectors of mutant lls1 tissue [8]. These sectors are sharply
delimited, suggesting that, although cell death appears to
spread freely in mutant tissue, it cannot be propagated in
the presence of the Lls1 gene product in neighbouring het-
erozygous cells. This is consistent with previous observa-
tions of a different, and much larger, class of lesion mimics
in maize [12]. Dominant lesion-mimic (Les) mutants have
been known for many years [5]. These mutants have spon-
taneous necrotic flecks on the leaves, which typically
require light and cold temperature for full expressivity.
Figure 2
The leaves of mlo mutant barley have a dispersed pattern of necrotic
flecks in the absence of pathogen infection.
Figure 3
In response to environmental stimuli, the lls1 mutant of maize develops
leaf spots that spread to kill the plant.
Interestingly, mosaic analysis using a pale green pigmenta-
tion marker gene has indicated that these lesions cannot
spread laterally from mutant to wild-type tissue and, fur-
thermore, that they act genetically in the photosynthetic
mesophyll layer of the leaf, even though they result in
necrotic spots that include all tissue layers [12].
The lls1 gene was cloned by transposon tagging and found
to encode a novel protein that contains two motifs also
found in the Rieske class of bacterial iron-sulphur binding
proteins [8]. These motifs occur in aromatic-ring hydroxy-
lating dioxygenases that degrade phenolic compounds. A
tempting speculation is that Lls1 might be an enzyme
required to degrade salicylic acid, a phenolic signal
thought to amplify other signals that lead to cell death [8].
This signal is required for cell death in the lsd1 mutants
described above in Arabidopsis [6]. 
Interestingly, a relatively close Lls1 homolog has been
identified by genomic sequencing in the photosynthetic
cyanobacterium Synechocystis [8]. As these cyanobacteria are
thought to be the prokaryotic progenitors of higher plant
chloroplasts, this implies that the Lls1 gene product might
be a chloroplast protein. Support for this view comes from
the sequence of what appears to be the ortholog of this
maize protein in Arabidopsis [8]. This ortholog diverges sig-
nificantly from the maize sequence only in an amino-ter-
minal region. This region resembles transit peptides that
target nucleus-encoded proteins to the chloroplast and typ-
ically diverge more than coding regions.
What do these three mutants have in common that can tell
us something about plant cell death? At least two of the
three mutants depend on light for their lesion-mimic phe-
notype, though apparently not for their enhanced disease
resistance. Furthermore, at least one of the mutants (lls1)
depends on chloroplast development for its effects.
Finally, at least in the case of lsd1, dramatic changes in
chloroplast morphology and organization precede cell
death (R. Dietrich and J. Dangl, personal communication). 
If the generation of oxidative radicals is not the role of
photosynthetic chloroplasts in plant cell death [6], perhaps
the involvement of chloroplast development is more
direct. Light is required for chloroplast development, and
light-induced signalling might intersect with the cellular
signalling that limits cell death. Alternatively, as the
chloroplast is the source of numerous signals in addition to
oxidative radicals it may be more directly responsible for
mediating and regulating cell death, as mitochondria are in
animals. Bcl2 has recently been shown to inhibit the
release of cytochrome c from mitochondria, which signals
cell death in animal cells (reviewed in [11]). Perhaps
plants have co-opted chloroplasts for an analogous func-
tion, which could explain the failure to find mitochondrial
regulators such as Bcl2 in plant genome databases. 
One issue that has not been addressed is the remarkable
uniformity of the patterns of lesions on a leaf. When they
are initiated, lesions tend to be evenly spaced. In develop-
mental biology, this type of ‘spacing differentiation’
pattern is suggestive of lateral inhibition — that is, lesion
initiation may be inhibited by signals that emanate from
the lesions themselves. Perhaps, in wild-type leaves, occa-
sional necrotic flecks inhibit the formation of other flecks
by a long-range signalling system that is compromised in
lesion-mimic mutants. The shorter range spacing
observed in these mutants could result from mutations in
the signalling process, or in the production of the signal
itself. The superoxide signalling system suggested to
operate in lsd1 mutants is certainly a candidate for such a
system [9], as is the production of diffusible regulators
such as salicylic acid, which might be metabolized by Lls1
[8]. The notion that Mlo might be the receptor for such a
signal is certainly an attractive one. Nonetheless, the
maintenance of (short-range) lesion spacing in these
mutants indicates that lateral inhibition is not completely
abolished, but may instead have been compromised as an
indirect effect of the mutations themselves.
As is often the case, the molecular characterization of
lesion-mimic genes has led to some intriguing speculation
about the regulation and execution of cell death in plants.
It has also led to the isolation of some important molecular
tools that will greatly facilitate the study of this process.
However, for now at least, we are still very much in the
dark as to the molecular details of this mechanism. Illumi-
nation of this problem may require that the light be turned
on, in more ways than one. 
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